Using indirect immunofluorescence and in situ hybridization techniques the synthesis of structural proteins (hexon and fibre), T-antigen and virus DNA were studied in infected rat embryo ceils early after infection by adenovirus type 2. The data obtained from this study, including infectious virus yields, indicate that this is a semi-permissive system in which transformation occurs. The adenovirus type z/rat embryo transformation system was found to be reproducible and the transformation frequency was influenced by the tissue of origin and not by the strain of rat. A comparison of the in vitro characteristics of cells transformed by either adenovirus type 2 (Ad-2) or type I2 (Ad-I2) is reported. No obvious property was observed which would explain the different in vivo behaviour of rat cells transformed by these adenovirus serotypes.
INTRODUCTION
Early after infection of rat embryo tissue cultures by group C adenoviruses (Huebner, 1967) there is a c.p.e, which lasts for several days. It has previously been reported that the cultures then recover and a small proportion of the cells undergo morphological transformation (Freeman et al. I967; McAllister et al. I969) . Cell lines established from these transformed foci do not produce tumours when inoculated into syngeneic newborn rats (Freeman et at. ~967; McAtlister et al. I969) , unless the rats are immunosuppressed (Gallimore, I97Z ) .
The present study was undertaken to examine both the permissiveness of rat embryo cells to adenovirus type 2 (Ad-2, a group C adenovirus) and the factors influencing the transformation event and the characteristics of cells transformed by this virus.
Van der Noordaa (I968) reported data which indicated that the tissue of origin might be an important factor in Ad-2 transformation of rat cells, in that rat brain cells produced more Ad-2 transformed foci than rat kidney cells for the same virus input. It was considered of paramount importance that if such studies were to be extended, the transformation system must be measured and found to be reproducible. Transformation experiments were therefore carried out on cells from whole embryos of three strains of laboratory rats and in cell cultures derived from four different rat embryo tissues: lung, brain, skin and muscle.
Many Ad-2 transformed rat cell lines were established during this study. Their in vitro characteristics, including growth, agglutinability with plant lectin and the presence and morphology of T-antigen, were compared with adenovirus type I2 (Ad-I2, a group A adenovirus, Heubner, I967) transformed rat cells, to ascertain whether or not any in vitro dissimilarity would explain their dramatically different behaviour in vivo.
P. H. GALLIMORE METHODS
Viruses. Adenovirus type 2 (Ad-2) and adenovirus type I2 (Ad-I2 Huie strain) were supplied by Dr H. G. Pereira and passaged three times in human embryo kidney cells (HEK) at low input multiplicities approx. 5 to Io p.f.u./cell. The virus was then subjected to three cycles of density gradient sedimentation in caesium chloride (Russell, Valentine & Pereira, I967) , dialysed against phosphate-buffered saline (pH 7.2) and then titrated on HEK cells. Plaques were counted at I4 days (Ad-2) and 2o days (Ad-I2) after infection.
Cells and medium. Eagle's minimal essential medium (MEM, Flow Laboratories Ltd, Irvine, Scotland) was used for growth of primary and secondary tissue cultures. Minimal essential suspension medium (MEMS, Flow Laboratories Ltd) was used in all the transformation experiments. Foetal calf serum (FCS, Flow Laboratories Ltd) used in the transformation experiments was dialysed (DFCS) overnight against Ca ++-and Mg÷÷-free buffered saline. The medium used in the transformation experiments was MEMS plus 5 % DFCS, corrected to o.I mM Ca ++ (Freeman et al. I967) by addition of CaC12 where necessary.
Rat embryo cells were obtained from 18-day-old embryos (cells from five embryos pooled) and grown on 9 cm plastic Petri dishes (Nunc, Denmark). Transformation experiments were carried out on secondary rat embryo cultures using a method similar to that previously described by McAllister et al. (I969) . Adenovirus was inoculated when the cells were in exponential growth and at a standard cell concentration 8 x io s cells/dish. Input multiplicities ranged from Ioo to o.I p.f.u./cell. Transformed foci were picked as single transformants per dish using a finely drawn Pasteur pipette and established as cell lines. Tissue cultures were maintained in an environment of 5 °fo CO2 in air at 37 °C and the medium changed every third day.
lndirect immunofluorescence. Acetone fixed cells attached to 35 x 9 mm glass cover slides were exposed to diluted Ad-2 fibre, hexon or T-antigen antisera (from Ad-2 tumour bearing rats, Gallimore, I972) and stained using the procedure of Hayashi & Russell (I968) . Fluorescein conjugated anti-hamster, anti-guinea pig and anti-rat 7 globulins were purchased from Cappal Laboratories Inc., U.S.A.
In situ hybridization. The reagents and technology for this procedure were as previously described by McDougall, Dunn & Jones (I972) . The activity of the Ad-2 complementary RNA (c-RNA) was the same as described by these workers. These experiments were carried out in collaboration with my colleagues, Mr A. R. Dunn and Dr J. K. McDougall.
Rat strains. (i) Hooded Lister (HL) rats have been maintained in our laboratory for nine years as a closed colony. Reciprocal skin grafts are healthy more than two years after transplantation indicating that these rats are genetically very similar. (ii) Specific pathogen free Wistar White (WW) rats were obtained as I8 day pregnant rats from the Department of Biochemistry, University of Birmingham, England. These rats have been random mated (outbred) for many years. (iii) AS rats were obtained from Queen Victoria Hospital, East Grinstead, England, where they were established as a syngeneic strain of rats. These rats have been carried in our laboratory for 2 years and brother/sister mated (inbred).
RESULTS

Permissiveness of rat embryo cells for adenovirus type 2
A series of transformation experiments was set up using rat embryo cells isolated from different tissues and derived from the three strains of laboratory rat. In three separate experiments, sufficient HL rat embryo cell culture dishes were set up at an input multiplicity of zo p.f.u./cell so that studies on/n situ hybridization, immunofluorescence and virus yields could be carried out. These studies, made early after infection, were undertaken to establish whether the c.p.e, observed by Freeman et al. 0967) and McAllister et al. (1969) was due to virus toxicity or associated with synthesis of virus DNA, proteins and mature virus particles. The data obtained from these experiments are summarized in Table I and Fig. I . In this period early after infection, Ad-2 T-antigen was exclusively located in the nuclei of all the rat embryo cells studied. Differences in T-antigen morphology were recorded; for example, rat embryo brain (REB) showed large globular fluorescence, whereas rat embryo lung (REL) showed a dispersed 'star-like' fluorescence (Fig. 2a) . The initial infection process appeared to be slower in the REL cells than the REB celIs (see 24 h T-antigen levels, Table I ). Both of these cell types showed a high level of synthesis of Ad-2 structural proteins by 72 h after infection whereas rat embryo muscle (REM) was either inefficiently infected or provided a poor milieu for growth of this adenovirus. In all tissues studied, a higher proportion of cells produced T-antigen than either of the structural antigens studied. By in situ hybridization, using Ad-2 c-RNA, it was possible to estimate the percentage of the infected cells showing Ad-2 DNA synthesis. Hybridization to virus messenger RNA would also give positive results, but if this occurs it must involve RNA sequences restricted to the nucleus as the autoradiographic grains are located over nuclei. Treatment of the cytological preparation with RNase prior to hybridization does not reduce grain counts (A. R. Dunn & J. K. McDougall, unpublished observations). An arbitrary autoradiographic grain count of 20 grains/cell was considered to be the lowest number of grains indicating onset of virus DNA synthesis. Grain counts made over 3oo uninfected HL. REF cell nuclei and counts over 3oo areas in the emulsion equivalent to the size of a rat cell nucleus gave average background levels of t.oz and 0.8 grains, respectively. Ad-z DNA synthesis in rat embryo fibroblasts reached a maximum level (38 % of the cells) at 7z h after infection. The apparent rapid fall-off at 96 h (Fig. I ) may be due in part to heavily infected cell nuclei being lysed in the hypotonic solution (o"o7 ~-KC1) used to swell the cells prior to fixation.
In situ hybridization enables detection of virus nucleic acid in both interphase (Fig. 3 b ) and metaphase cells. Silver grains were observed to be closely associated with the chromosomes (Fig. 3 c) 
Transformation of rat embryo cells by adenovirus type 2
In two previous investigations using the Ad-z/rat transformation system (Freeman et al. I967 ; Van der Noordaa, I968), no attempt was made to quantitate the system and the number of transformed foci induced by only a limited number of virus doses were reported. One of the objectives of the present study was to establish whether this transformation system could be quantitated and if so would it be reproducible ? Ad-2 transformed foci become evident about 14 days after virus infection, before the cultures are free from c.p.e, and infectious virus. A comparison of transformation frequencies in three batches of HL. REFs (Table 2 ) and rat embryo fibroblasts from three strains of rat (Table 3) indicate that this transformation system gave very reproducible results. No difference was observed in the transformation frequency in the three rat strains studied. A direct correlation between virus input dose and focus formation was only observed at virus input doses below 2o p.f.u.]cell. In transformation experiments using cells derived from different rat embryo tissues the cell type most efficiently transformed was rat embryo brain, closely followed by rat embryo lung, whereas rat embryo muscle cells were the least efficiently transformed (Table 4) . Table   4 . Many transformed foci were isolated from the various rat tissues used, which had been induced with different virus input multiplicities. Cells from these foci were grown up and established as transformed cell lines. A small percentage (less than 5 %) initially grew out from the isolated transformed focus but subsequently went through a crisis period and failed to develop into lines. The remaining 95 % (64 lines in all) were successfully grown.
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Character&tics of adenovirus transformed foci and lines
Ad-2 transformed rat embryo cells were compared by in vitro observations with Ad-Iz transformed cells to see whether any difference could provide information to explain the difference in their in vivo behaviour. Transformed foci induced by these adenovirus serotypes appeared in cultures of AS and HL. REFs at the same time after infection. The predominant type of Ad-2 focus (Fig. 4a) was raised, multilayered and was made up of a heterogeneous population of epithelioid cells. This virus also induced a small proportiovt of flat foci which were composed of one type of epithelioid cell (Fig. 4b) . Ad-I2 transformed foci were all multilayered and in general contained an homogeneous population of epithelioid cells. The cell types observed in the transformed foci were always represented in the established lines.
Cultures of cells transformed by either virus grew to high cell densities (I to 2"5 × lO 6 cells• cm 2) when compared with appropriate control cells (1"5 to 2. 5 × IO 5 cells/cm2). Unlike control cells, cells transformed by either virus proliferated in medium low in serum (0"5 % FCS). Adenovirus transformed cells had generation times (24 to 3o h) which were longer than control cells (21 to 24 h). Four lines of Ad-2 and Ad-I2 transformed rat embryo cells were investigated for their ability to produce colonies in semi-solid agar medium (Macpherson & Montagnier, 1964) . Plating efficiency in agar medium ranged from I to 9 % with a mean for Ad-2 lines of 4"6 % and for Ad-I2 lines of 4.t %. No colonies were observed in dishes seeded with control cells. Agglutination studies (Inbar & Sachs, 1969) with the plant lectin concanavalin A (con A, electrophoretically pure; Serva, Fein Biochemien, Germany) were carried out on microscope slides with transformed cells and control cells. Partial agglutination of normal rat embryo cells was observed in a con A concentration of 512/zg/ml. Three lines of Ad-2 transformed cells had agglutination end points at 64, 48 and 32 #g con A/ml; the Ad-I2 counterparts had end points at 72, 48 and 48 #g con A[ml.
All of the adenovirus transformed rat cell lines isolated were examined for the presence of T-antigen. In the Ad-I2 lines, Ad-I2 T-antigen was exclusively located in the nucleus as large or small flecks of fluorescence. Ad-2 transformed cells, even within a cell line, showed considerable variation in the Ad-2 T-antigen fluorescence pattern and it was frequently observed in both nucleus and cytoplasm (Fig. 2 b) . Globular fluorescence was the predominating type but unlike Ad-t (a group C adenovirus) transformed rat embryo cells (McAllister et al. I969) 'flecking' was also observed.
DISCUSSION
The c.p.e, observed by previous authors (Freeman et aL 1967; McAllister et aL 1969) when rat embryo cells are infected with group C adenovirus was shown in the present study to be closely associated with the synthesis of adenovirus structural proteins, DNA and infectious virus (Table I and Fig. I ). These data would indicate that the Ad-2]rat embryo transformation system is another example of semi-permissiveness leading to morphological transformation, similar to the situation found with simian virus 40 in human cells (Butel, Teventhia & Melnick, 1972) .
Autoradiographic grains were observed to be located over rat chromosomes (Fig. 3b ) in infected cultures early after infection using in situ hybridization to locate Ad-2 nucleic acid. Loss of chromosome morphology in the majority of cells, due to alkali denaturation, and the low number of grains per metaphase cell (mean of 6 per cell) made impossible an analysis for non-random association. Higher (greater than 2o p.f.u./cell) virus doses may increase the number of grains observed, but they also induce extensive chromosome damage making identification of individual chromosomes impossible. The results obtained in this study using in situ hybridization emphasize that it is an extremely useful technique for studying virus nucleic acid synthesis in vivo, thus confirming previous reports (Orth, Jeanteur & Croissant, 197o; McDougall et aL r972 ) .
Data accumulated from several transformation experiments in rat embryo cells indicate that Ad-z transformation of these cells is reproducible (Table 2) and that there was a direct correlation between virus dose and focus formation at low input multiplicities (below 2o p.f.u./cell). No difference in transformation frequency was observed in rat embryo cells derived from three different strains of laboratory rat ( Table 2 ). The transformation frequency reported here for Ad-2 is considerably higher than that previously reported by McAllister et al. 0969), and could be due to virus strain differences. The present study supports Van der Noordaa's previous report (1968) in that rat embryo brain cells were the most efficiently transformed. There would appear to be a very close correlation between efficiency of transformation and the initial level of virus antigen synthesis (see Tables ~ and 4 ). This may indicate that rat embryo brain cells are more easily infected by Ad-2 than, for example, rat embryo muscle cells or that in these cultures there are different proportions of a cell type more likely to be transformed.
In a comparative study between the in vitro characteristics of Ad-2 and Ad-12 transformed foci and transformed rat embryo cell lines, the most striking difference observed was in the focus morphology, T-antigen fluorescence pattern and distribution of fluorescence. One Ad-2 transformed focus type (Fig. 4 b) observed in this study has not previously been described. The predominant Ad-2 transformed focus was like Ad-~2 foci in that it was multilayered but differed from the latter in that it was composed of a heterogeneous population of epithelioid cells. Ad-2 T-antigen fluorescence was generally located in both the nucleus and cytoplasm of Ad-2 transformed cells. Ad-~2 T-antigen was always intranuclear and had a flecked morphology whereas Ad-2 T-antigen was predominantly globular but with some cells showing flecking. Transformed rat embryo cell lines induced by both Ad-2 and Ad-I2 grew to high cell densities but had generation times which were slightly longer than control cells. Both serotypes generated cell lines which grew in semi-solid agar medium and were agglutinated by low concentrations of the plant lectin con A. The significance of these in vitro findings to the behaviour of these cells in vivo is not clear. The previous suggestion (McAllister et aI. 1969) that the failure of Ad-2 transformed rat cells to produce tumours was possibly due to strong surface membrane antigenicity, may be an oversimplification. The intensity of membrane fluorescence on Ad-2 transformed cells is indistinguishable from that on Ad-~2 transformed cells (L. M. J. Harwood & P. H. Gallimore, unpublished observations). Also, Ad-2 rat tumour cells and cell lines derived from Ad-2 rat tumours produced in immunosuppressed rats, show strong membrane fluorescence. Although they have not apparently lost surface antigens, all the Ad-2 tumour lines studied so far, unlike the Ad-2 transformed cells, produce tumours in non-immunosuppressed rats (Gallimore, 1972 (Gallimore, , 1973 . This may indicate that no selection for less antigenic cells occurred under immunosuppression or that factors other than membrane antigenicity, as shown by immunofluorescence, determine whether or not adenovirus transformed cells will be oncogenic in immunocompetent animals.
Graham & Van der Eb 0973) have reported that sheared Ad-5 DNA is capable of transforming rat embryo cells. Sharp, Pettersson & Sambrook (I974) in their study on one Ad-2 transformed rat cell line using restriction endonuclease cleaved fragments of Ad-2 DNA and reassociation kinetics (Cot analysis), demonstrated the presence of Ad-2 DNA that represented only part of the Ad-2 genome. This finding has been confirmed in recent studies carried out on Ad-2 transformed cell lines isolated during the present study (Gallimore, Sharp & Sambrook, I974) . The Cot analysis data, coupled with Graham & Van der Eb's finding for Ad-5 DNA transforming ability, may indicate that only defective group C adenovirus particle can transform rat cells. It is of interest that hamster embryo cells which are permissive for Ad-5 can be transformed by temperature sensitive mutants of this virus at the non-permissive temperature (Williams, I973) . In the transformation system used in the present study, Ad-2 defective particles may have been present in the original seed virus or have been generated subsequent to infection of the rat embryo cells.
The presence of only incomplete virus genomes in Ad-2 transformed ceils explains the failure of all our attempts to isolate infectious virus (Dunn et al. 1973 ) from these cells.
